was one of the outstanding neuroscientists of his generation, making major contributions in many different areas, most notably the neural basis of memory. He was a gifted teacher, outstanding departmental head, and a most generous and warm-hearted human being.
being expected to take twice as long, full time). With the intervention of his MP he was able to take his exams before being called up for national Service (1947-49) in the Royal air Force (education branch).
In his initial enthusiasm to study medicine, and before he had taken the Matriculation course, he wrote to, and was granted, an interview with the Sub-Dean of birmingham Medical School. He was not encouraged. The letter he subsequently received said: 'There is no possibility of you being accepted here in the near future, and since you have no qualifications for the medical profession and competition is very keen, my advice to you is to abandon the project altogether for I feel it will only lead to disappointment.' In spite of this initial reception, when he had obtained his Higher School Certificate Gabriel made another appointment with the Sub-Dean and this led to his being granted a place, a decision fully vindicated by Gabriel's subsequent performance on the course. Thus in 1949 he started pre-clinical studies at the University of birmingham. He was awarded the Freshman's Prize in 1950 and one of only two University Scholarships in anatomy and Physiology in 1952. The scholarship allowed him to spend a year intercalated into his medical studies to conduct a research project and obtain a bSc (Honours) in anatomy and physiology. This project was conducted in the laboratory of Solly (later lord) Zuckerman FRS, Professor of anatomy. This was the experience that convinced Gabriel that he wanted to do research into the brain.
In 1952 Gabriel published an essay, 'The neurological basis of thought', in a University of birmingham student journal (1)*. In this essay he suggested how biochemical changes within neurons might lead to long-term memory storage and changes in behaviour and perception, so foreshadowing the direction he pursued in his future research. Zuckerman recognized the essay's originality and sent Gabriel off to see the philosopher a. J. (later Sir Freddie) ayer. ayer was unconvinced, indicating that he thought physiology had nothing to say about perception. Fortunately, this encounter did not discourage Gabriel from his future direction of research.
In 1954 Gabriel was awarded a Queen's Scholarship for the highest aggregate of marks in Part I of the final examination for Mb Chb and the Richards Memorial essay Prize. He graduated in 1955 with distinction in forensic medicine and toxicology. He then completed his registration year training as a House Physician in birmingham Children's Hospital, a House Surgeon in birmingham and Midland eye Hospital, and a Research Fellow in Social Medicine at the University of birmingham. However, during this time he continued to do research in Zuckerman's laboratory and he eventually published several papers on the effects of reduced thyroid function and malnutrition. Indeed, his undergraduate work provided the first evidence that the density of cortical neuropil was reduced by hypothyroidism in rats (2), and this discovery triggered many other studies on the role of thyroid hormone in controlling neuronal growth (see, for example, Grave 1978). He did not completely give up medicine when he took up his university post in Cambridge, because for a few years he managed also to fit in weekend locum jobs in local GP practices.
While at the University in birmingham he became, in 1951, chairman of the University Debating Society. More significantly, on the day after the first paper of his final examinations, he married ann Soper, who was reading zoology. This marriage was kept secret from ann's family for a few years because the couple feared that it would not be approved of by ann's * numbers in this form refer to the bibliography at the end of the text.
father, the prominent Methodist minister and politician, Donald (later lord) Soper. In fact, the couple and their family of two sons and two daughters were eventually fully accepted by the Soper family. This marriage was dissolved in the early 1970s. In 1980 Gabriel married Priscilla barrett, who is well known as an artist and illustrator of wildlife.
Academic career
apart from a brief interlude in bristol, after moving from birmingham, Gabriel was based in Cambridge for the rest of his life. In 1956 Zuckerman did not have a job for Gabriel in birmingham but recommended him to Professor James Dixon boyd in the anatomy Department at Cambridge. Consequently, Gabriel moved to Cambridge in 1956 and became a demonstrator in anatomy. This provided the foundation for his distinguished academic career.
Gabriel became a lecturer in anatomy at Cambridge in 1962 and was promoted to Reader in neurobiology in 1972. He was awarded the higher degrees of an MD (birmingham, 1965) and an ScD (Cambridge, 1975) Gabriel's move to bristol in 1974 was prompted by a desire for a change and the challenge of leading a department. During the three years he was there, he oversaw the integration of the Sub-Department of Veterinary anatomy into the main anatomy Department and was able to strengthen the research of the department in neuroscience, biomechanics and oral biology (figure 1). The department continued a strong research reputation in these areas after Gabriel's return to Cambridge. However, Gabriel became frustrated by interdepartmental in-fighting and was persuaded to return to Cambridge to the Department of Zoology. He left behind a lecturer, his former PhD student and long-term collaborator Malcolm W. brown (FRS 2004) , who was later to become Head of the Department (1998 Department ( -2004 .
as Head of the Department of Zoology in Cambridge, Gabriel very successfully developed the research of the department. He had the principles that he should always act in the best interests of the department and that he should lead in research by example. During his headship he made a series of outstanding appointments such that eventually (subsequent to his headship) the large majority of the teaching staff were Fellows of the Royal Society. always seeking research excellence, he succeeded in strengthening the department's research in a variety of areas including neuroscience, comparative physiology, evolutionary biology and behavioural ecology. He had attempted to start research in molecular developmental biology in bristol, but the initiative had not lasted. However, in Cambridge he was able to attract John (later Sir John) Gurdon FRS (nobel laureate) and Ron laskey (FRS 1984) , who formed the nucleus of a very strong group. Gabriel was also instrumental in the setting up of both the Gurdon Institute and the brain Repair Unit within Cambridge. He founded the annual Cambridge neuroscience Seminars in 1989 (figure 2).
Gabriel was a gifted and very popular teacher. His lectures always communicated his excitement in the subject matter and his interest in his audience. They were innovative and entertaining, and although sometimes challenging they were always models of clarity. His teaching was greatly appreciated by generations of students. During his time in bristol he had overseen the reorganization of the anatomy Department's science teaching. In Cambridge he greatly expanded the Zoology Department's teaching, the number of final-year students increasing fourfold. He also successfully promoted the cross-departmental final-year programme in neuroscience.
He was Master of Sidney Sussex College from 1992 to 1999, having accepted the position with enthusiasm because, he said, it meant he would not have to retire for another seven years. In fact he never retired from research; he was working on a paper even on the day he died. With his exceptional social skills and most able support of his wife, Prill, this was a most successful Mastership. besides organizing a successful fundraising campaign, he arranged the first visit by a reigning british monarch to the college that had educated oliver Cromwell.
In 1998 Gabriel, with the help of Sir David King FRS, John eatwell and bob Hepple, initiated the Cambridge University Government Policy Programme (CUGPoP). CUGPoP seminars were held twice a year until 2007, their organization occupying much of Gabriel's time. Their purpose was to allow leading scientists to talk to government decision-makers about scientific topics relevant to important policy issues. In this they were acknowledged to be highly successful, covering topics such as cloning, global warming, ageing, nanotechnology, biotechnology and addiction, and being attended by Cabinet Secretaries and Ministers. The government's Foresight Programme (http://www.bis.gov.uk/foresight/) grew from these seminars. Gabriel was a council member of the agricultural and Food Research Council (1991-94) and chaired its Working Group on the biology of the Spongiform encephalopathies. When the agricultural and Food Research Council became the biological and biotechnology Research Council in 1994 he chaired its animal Sciences and Psychology Research Committee and was a member of its Science and engineering board. He was therefore an obvious choice as chair of the independent committee set up by the government to review the origin of bovine spongiform encephalopathy (bSe). In its report in 2001, the committee concluded that the cause of the outbreak related to changes in the preparation of meat and bonemeal fed to young calves. His role with CUGPoP resulted in his also being asked by the government to chair a group from the academy of Medical Sciences to produce a report concerning the classification of drugs of addiction, with a view to making policy changes. In spite of the comprehensive nature and intellectual astuteness of the analysis, the findings of the report (Brain science, addiction and drugs) were too controversial for politicians, so regrettably it did not result in a major impact on policy.
besides fostering relations with government over many years, Gabriel promoted good relationships between local industry and the university. He was a close friend of Gordon edge, Managing Director and founder of Cambridge Consultants and Pa Technology, based in Melbourn near Cambridge. Gabriel collaborated for many years with Cambridge Consultants, being a Director from 1966 to 1969. From 1976 to 1986, while he was a senior consultant with Pa Technology, he arranged and gave lectures to the firm. Several technological innovations both in Pa Technology and in Gabriel's own research could be traced to the consequent increased emphasis on interdisciplinary working between the physical and life sciences. Indeed, the first major biotechnology facility within any of the major consultancy firms in europe was established by Pa Technology in 1979. later (1988-99), Gabriel was a 
ReseaRch
Gabriel had an overriding passion for research, and in particular a desire to understand the workings of the brain. He was a most original thinker. ernest Rutherford FRS (nobel laureate) divided science into physics and stamp-collecting. Gabriel belonged with the physicists: he was interested in mechanisms, in how the brain worked. He was an internationally recognized leader in this field of brain research for the best part of 50 years. He was one of the early researchers to have the aim of relating the activity of individual nerve cells to behaviour. Indeed, this theme of understanding how nerve cell activity can explain particular behaviours is common to the many diverse problems that he tackled in a most varied and wide-ranging research career. The diversity and range of this research is shown in his publications, which record important advances in knowledge and understanding in the fields of perception (particularly mechanisms underlying how we see), attention and consciousness (notably how we select what we want to attend to), the development of social behaviour, and memory. Through meticulous and imaginative research, Gabriel with his colleagues managed first to uncover changes in the biochemistry of the brain that could be unequivocally related to learning. He was then the first to identify an anatomical region of the brain that was unambiguously a site of long-term information storage, a place where memories are formed and held. Gabriel was always most thorough and rigorous in the pursuit of research. He correspondingly made few mistakes. In his published work Gabriel was often years in advance of the field. Unhappily, this meant that the original work had often been forgotten when the field eventually caught up.
Sensory interactions
by the time that Gabriel arrived in Cambridge in 1956, he had decided that his research should concern investigations into mechanisms of selective attention-the ability to attend to one type of signal while excluding others-as a possible method of studying the basis of consciousness. He intended to pursue this research by recording electrical activity from the brain of behaving animals. However, there was nowhere he could learn the necessary techniques in the UK. Undaunted, he obtained a grant from the Wellcome Trust and so, one year after arriving in Cambridge, with Professor boyd's permission, he spent the next year (1957-58) at the Montreal neurological Institute at McGill University in Canada, studying with Herbert Jasper. on his return, a grant from the national Institutes of Health (USa) enabled him to set up his own electrophysiological laboratory in the anatomy Department in Cambridge and he started making recordings of the activity of individual nerve cells from the cerebral cortex of behaving animals.
Gabriel provided teaching (supervisions) for King's College students and was accordingly allowed to dine at the college's High Table. There he met John S. Griffith, a professor of theoretical chemistry, who became a collaborator and close friend. John generated the means of mathematically analysing the neuronal activity-trains of action potentials (electrical spikes) of individual neurons-that Gabriel was recording from the brains of awake cats. In particular, this analysis concerned interactions (correlations) between pairs of recorded cells. Their paper represents the earliest published mathematical analysis of this topic (3). Subsequently, the study of correlated neuronal activity has become a major field within neuroscience (see, for example, Uhlhaas et al. 2010) . In 1962, when Gabriel was appointed to a lectureship, he also became a Fellow of King's College.
In 1963 Gabriel went on sabbatical as Visiting Professor of Physiological optics at the University of California at berkeley, California. In this he was greatly helped by Horace b. barlow (FRS 1969) . barlow was due to take up a chair at berkeley but could not take up the position immediately. barlow let Gabriel fill his position until he was ready to move, so providing Gabriel with a salary. at berkeley, Gabriel collaborated with R. M. (Dick) Hill, who had the equipment necessary to record neurons in anaesthetized rabbits. They intended to record from neurons in the reticular formation of the brainstem, a structure that controls the overall level of consciousness (state of alertness or sleep). In fact, the electrodes did not go deep enough and they serendipitously recorded the responses of cells in the superior colliculus, a brain region that is now known to be important in controlling eye movements and visual attention. Collicular cells responded to more than just visual input, for example being also influenced by sounds and/or touch. In addition, the activity of certain cells habituated (diminished) when a stimulus was repeated after a brief interval (4). Habituation is a simple form of learning, and they had uncovered a cellular correlate of such learning. again, this was a landmark finding because it demonstrated a potential link between a change in neuronal responses and a learned change in behaviour. The published papers provided the first detailed description of the responses of neurons in this brain region and established the existence of cross-modal modulation of sensory responses (5). They also established two main directions for Gabriel's research over the next few years: studying the neural basis of sensory interaction and of habituation.
In his initial studies in Cambridge, Gabriel had been intent on studying the effects of selective attention on the activity of neurons of the visual cortex. During these recordings he discovered that the activity of certain cells was influenced by tactile stimulation, independently of the animal's needing to attend specifically to touch. This finding went against the prevailing orthodoxy that neurons in sensory areas responded to only one sensory input: visual cortical neurons were not expected to respond to anything but visual stimuli. on his return from berkeley he decided to investigate more systematically whether visual responses might be influenced by vestibular inputs: somewhere the brain needs a mechanism that allows the perceived external visual world to be kept the same way up even when the head is tilted. These experiments, again involving collaboration with Dick Hill (although now making their recordings from anaesthetized cats), also revealed that the neurons' responses to visual stimuli varied across time rather than being unchanging (7). The published results were met with such scepticism that Gabriel was persuaded to leave this line of research, although others later con- 
Habituation
Gabriel followed up his studies on habituation during a sabbatical as Visiting Professor of Zoology at Makerere University College in Uganda. There he worked with C. H. (Hugh) Rowell recording the activity of neurons in the locust brain, again finding evidence of habitua-tion of responses to repeated stimuli. as a measure of the perceived originality and importance of Gabriel's work, the associated theoretical paper (6) was one of more than ten of his papers that were published in Nature in the first 15 years of his career. In this theoretical paper he showed how many of the described characteristics of behavioural habituation could be potentially explained by simple neuronal models that employed synapses that underwent self-generated depression of activity (6). Importantly, this paper focused attention on the potential for changes at individual synapses to underlie the learning. later, he travelled to Pisa in Italy and studied habituation at the giant synapse in the squid stellate ganglion. Crucially, this synapse was known to make a monosynaptic connection so that any change in response of the output (postsynaptic) element of the system when the input (presynaptic) element was constant could be ascribed with confidence to a change at the synapse. It was concluded that it was indeed possible to produce habituation at a single synapse by self-generated depression. The depression seemed to be generated presynaptically from a decrease in transmitter release (8) . one of the possible mechanisms for this synaptic plasticity was suggested to be dependent on changes in Ca 2+ ion mobilization, an idea subsequently shown to be the case in Aplysia by e. R. (eric) Kandel (ForMemRS 2013; nobel laureate).
Chick imprinting and memory
In parallel with the studies on habituation, Gabriel had started, in 1965, a collaboration with P. P. (Pat; later Sir Patrick) bateson (FRS 1983 ) to study brain changes underlying imprinting in the domestic chick. The motivation for this collaboration was the search for a system in which it might be possible to localize and describe the brain changes underlying memory formation and storage; that is, what Karl lashley had termed 'the search for the engram' (lashley 1950). The eventual conclusion of Gabriel's work, namely that a specific brain region stored a specific memory, was diametrically opposite to lashley's conclusion, namely that memories were widely distributed rather than localized. For the time, Gabriel's approach was unconventional: he sought evidence for where memories were stored in the brain rather than starting by taking a particular region (such as the hippocampus) and attempting to show that it stored learned information or displayed plasticity in its synaptic connections (such as long-term potentiation). Gabriel's approach started from the reasonable assumption that memory formation would require structural changes to be made in the brain and that such changes would require protein synthesis.
Filial imprinting, the strong social attachment to the mother that is formed soon after birth in certain species of bird, had advantages for such a search for the engram. Following earlier work of Konrad lorenz (nobel laureate), many parameters of such behavioural learning had been closely described. The learning was easily adaptable to a laboratory setting. It could be induced during a specific period of training (exposure to a suitable stimulus such as a surrogate mother hen). It was robust, replicable and produced a major and long-lasting change in the behaviour of a young animal. The initial results using this system were published as a series of papers at the end of the 1960s and the start of the 1970s in collaboration with S. P. (Stephen) Rose, the three collaborators variously providing multidisciplinary expertise: behavioural (Pat bateson), biochemical (Stephen Rose) and neurobiological (Gabriel Horn) (see, for example, (9)). In a series of extremely elegant experiments Gabriel and his collaborators supplied overwhelming evidence that a restricted region of the chick brain (then known as the intermediate and medial hyperstiatum ventrale, but more recently as the intermediate medial mesopallium, or IMM) was the site of changes necessary for the memory shown in behaviour as imprinting (see (16) for a review). In studying the neural basis of memory, attention to control procedures is critical. When an animal learns something, many entities are changed; most are incidental rather than central to the formation of a memory itself. Thus, for example, biochemical changes in the brain will be produced by changes in motor activity (behaviour), in the sensory input reaching the brain, in the level of alertness and in the attentional, motivational, emotional and endocrinological states of the animal, as well as by memory storage. The difficulty is to separate the change produced by memory storage from that due to the other factors. Such a separation was achieved in a classic series of experiments in which these factors were equated across groups in which one group became imprinted while another did not. Thus, in one set of experiments the normal crossing of information from one eye to the opposite cerebral hemisphere was exploited by surgically isolating the two hemispheres and then training with only one eye (10) . one brain hemisphere learned but the other hemisphere remained naive, so comparisons could be made between the two hemispheres. both hemispheres were exposed to the effects of the changed behaviour and any changes in emotional, motivational and endocrinological state, so these effects were controlled for. In another set of experiments, training was divided into two time periods, a first period of varying length and a second constant period (11) . because birds received different amounts of training in the first period according to the length of that period, the amount they learned in the second period differed, although the amount of sensory stimulation received in the second period was the same. again, comparisons across groups allowed brain changes correlated with learning during the second period to be isolated from those due to other factors such as the amount of sensory stimulation.
Further experiments established the necessity of the IMM for the memory: its removal before training prevented imprinting, and its removal after training caused amnesia, without such lesions producing general behavioural or learning deficits (13) . When published, this work provided the strongest evidence then available that allowed a specific region of a vertebrate brain to be identified as a site of long-term memory storage. The engram could be localized, rather than its being widely distributed. nevertheless, a more detailed study of the effects of lesions revealed that the roles of the left and right IMM differed. The left IMM did indeed seem to act as a long-term store. However, by making lesions at different times after the learning, it was shown that information initially stored in the right IMM was transferred to a new storage site at an unidentified location termed S′. In the right hemisphere, lesioning the IMM only produced amnesia in the first few hours after training, before S′ had been formed (14) .
Gabriel was also a pioneer in using a multidisciplinary approach to the study of the neural substrates of memory. Thus, over the years after the initial localization studies he investigated the IMM imprinting system using a variety of molecular genetic, biochemical, anatomical, physiological, pharmacological and behavioural techniques. among many noteworthy advances was the demonstration that there was an anatomically observable change in synapses in the IMM: the length of the postsynaptic density in the left IMM was increased after training (15) . With his collaborators (notably brian J. McCabe and R. o. Solomonia), he found that several important biochemical markers of synaptic function were upregulated in the IMM after training, which was consistent with the idea that synapses were being remodelled (reviewed in (16)). The responses of individual neurons in the IMM coded for prominent features of the stimulus used to train the birds, and the proportion of responsive neurons in the IMM was increased markedly after training (19) . When the activity of individual IMM neurons was tracked during and after training, the result proved unexpected. When two training periods were used, with tests of neuronal responses before and after each, changes in the responsiveness of individual neurons were not monotonic (19) . Indeed, no neuron in the sampled population simply increased its responsiveness from before training to the end of training: such a pattern of response change is not predicted by any current theory of the development of synaptic plastic changes after learning. In a second experiment tracking the development of neuronal responses, the importance of sleep was demonstrated (21). Using an elegantly counterbalanced design, it was possible to show that the increase in IMM neuronal responsiveness (and also behavioural imprinting) occurred if birds were allowed to sleep during the six hours after training but not if they were prevented from sleeping during this period, nor if they were allowed to sleep at a later time. This study provided unequivocal evidence that it is sleep soon after learning rather than sleep at any time that is critical to retention of the memory.
The necessity of a brain region (or particular change within that region) for learning and memory can be established by demonstrating that memory formation is prevented when that region is removed or its functioning is interfered with; however, the sufficiency of any region or change for learning is very difficult to establish. In a remarkable but little referenced study published in 1979, such a demonstration of sufficiency was made for the IMM (12) . by means of electrodes positioned in the brain, the IMM was stimulated with trains of pulses at one of two frequencies (1.5 or 4.5 Hz). Subsequently, after the stimulation had finished, birds were found to show a preference (that is, they showed imprinted behaviour) to lights that flashed at either 1.5 or 4.5 Hz depending on the frequency previously used to stimulate the IMM. accordingly, a change produced within the brain had established a behavioural change as though that behaviour had been learned. eventually, claims that the neural basis of memory has been understood will need verification through artificially inducing the change that would normally be produced by learning and demonstrating that the artificial change is behaviourally equivalent to the natural change.
Social and emotional learning
an important spin-off from the pursuit of the engram in the chick brain was that during the 1980s Gabriel and collaborators (notably Mark H. Johnson and Johan J. bolhuis) discovered that not only are filial preferences formed as a result of learning through exposure but they are also influenced by a pre-existing bias, a predisposition (17). This predisposition may be measured in the laboratory by giving young chicks a choice between a rotating stuffed jungle fowl and a rotating red box, for example. Under some conditions the two stimuli are equally attractive, but if the young chick is given a certain amount of nonspecific experience, such as being handled or allowed to run, the chick will prefer the fowl to the box in a subsequent test. To be effective, this nonspecific experience must occur within a time-limited period of sensitivity (the sensitive period). It seems that the critical stimuli that influence the predisposition are in the head and neck region, but they are not species-specific. once the predisposition has developed, it does not function as a filter that prevents the chick from learning about objects that do not resemble conspecifics (such as the jungle fowl); the chicks can still learn about other objects by being exposed to them. Subsequent research showed that the mechanisms underlying the learning during imprinting and those underlying the development of a predisposition have separable neural substrates (18) . The behavioural and neural evidence suggests that the mechanisms underlying the learning producing imprinting and those giving rise to predisposition influence behaviour independently. Thus, it was established that there is a dissociation between initial orienting to a social stimulus (predisposition) and the subsequent learning about that stimulus. This discovery has had a major impact by stimulating much research into the early development of social behaviour in human infants as well as in animals, such as the development of face recognition or attachment (see, for example, Johnson et al. 1991) .
Fuller accounts of the imprinting work can be found in the book that Gabriel published in 1985 and a more recent review in 2004 (16, 20) . a Festschrift (bolhuis 2000) with contributions from many leading neuroscientists celebrates his wide-ranging influence on neuroscience.
Gabriel leaves an outstanding scientific legacy, one that is likely to continue to be built on for many years to come. I, along with many others, miss the insight, encouragement and warm-hearted friendship of this extraordinary human being. acknowledgements I am grateful to Prill Horn for all her assistance, to Johan bolhuis for many helpful suggestions, particularly in relation to the work on predispositions, and to Gordon edge for information concerning Gabriel's work with industry.
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